The plasma membrane of eukaryotic cells consists of a crowded environment comprised of a high diversity of proteins in a complex lipid matrix. The lateral organization of membrane proteins in the plasma membrane (PM) is closely correlated with biological functions such as endocytosis, membrane budding and other processes which involve protein mediated shaping of the membrane into highly curved structures. Annexin A4 (ANXA4) is a prominent player in a number of biological functions including plasma membrane repair. Its binding to membranes is activated by Ca 2+ influx and it is therefore rapidly recruited to the cell surface near rupture sites where Ca 2+ influx takes place. However, the free edges near rupture sites can easily bend into complex curvatures and hence may accelerate recruitment of curvature sensing proteins to facilitate rapid membrane repair. To analyze the curvature sensing behavior of curvature inducing proteins in crowded membranes, we quantifify the affinity of ANXA4 monomers and trimers for high membrane curvatures by extracting membrane nanotubes from giant plasma membrane vesicles (GPMVs). ANXA4 is found to be a sensor of negative membrane curvatures. Multiscale simulations furthermore predicted that ANXA4 trimers generate membrane curvature upon binding and have an affinity for highly curved membrane regions only within a well defined membrane curvature window. Our results indicate that curvature sensing and mobility of ANXA4 depend on the trimer structure of ANXA4 which could provide new biophysical insight into the role of ANXA4 in membrane repair and other biological processes.
Introduction
Annexin proteins have a number of important functions in cells including maintaining the integrity of membranes. The plasma membrane (PM) is comprised of a complex system of different lipids and proteins including several annexins, which bind peripherally to the inner leaflet in presence of Ca 2+ . The interaction of the annexins with the anionic headgroups in the membrane is important for a number of biological processes including membrane repair, vesicle transport, endo-and exocytosis, membrane trafficking and calcium channel activity. 1 The protein core domain consist of four conserved homologous repeats (eight in ANXA6) that together form the shape of a slightly bent disc. The Ca 2+ dependent membrane binding sites are found at the core region on the convex side of the protein, whereas the N-terminal region, which has a large influence on protein stability and function, is found on the concave side.
The vertebrate annexin protein family consists of a group of 12 proteins (ANXA1-ANXA11 and ANXA13) and each annexin family member translocates to the PM at distinct levels of Ca 2+ concentration, thus the annexin family is a broad system of Ca 2+ sensitive proteins which can be differentially recruited to the a site of injury depending on the local level of Ca 2+ . [2] [3] [4] [5] [6] An important function of the PM is to maintain an osmotic gradient and regulate the intracellular calcium level which is essential for cellular functions. Small ruptures in the PM due to external stress result in influx of Ca 2+ , but cells have developed an efficient PM repair system to cope with membrane ruptures, which relies on several types of calcium sensitive proteins. Annexins have recently received significant attention due to their prominent role in plasma membrane repair. 2, 6 Proteins from the annexin familiy and in particular ANXA4 have been shown to bind to the area surrounding membrane holes, although their exact role in the membrane repair mechanism remains elusive. 7 ANXA4 was recently shown to induce membrane bending or rolling of supported membranes 6, 7 which naturally raises the question whether ANXA4 would sense or induce membrane curvature of the free membrane edges surrounding a plasma membrane rupture.
The interaction between proteins and lipids are diverse and biophysical studies have shown that several classes of proteins can shape membranes or sense membrane curvature.
These include Bin/Amphiphysin/RVS (BAR) domains, annexins and epsins. 6, [8] [9] [10] [11] [12] Especially BAR domains have been well established as mediators of curvature generation and sensing whereas the curvature sensing abilities of annexins have not been investigated apart from a recent study showing that ANXA5 has a high affinity for the negative membrane curvature inside a membrane nanotube. 13 Additionally, ANXA4 and ANXA6 have been reported to generate membrane curvatures when added to supported lipid bilayers. 6, 7 The convex membrane binding site existing in all annexin core domains could be a facilitator for curvature sensing in a similar manner as the convex shaped IBAR domains have been shown to sense negative membrane curvature in membrane nanotubes extracted from synthetic vesicles. 11 However, despite the similarities between the different annexins, ANXA2 was not found to sense negative membrane curvature in tubes pulled from GPMVs wheres ANXA5 did accumulate inside the same tubes. These differences could be due to the fact that sorting was tested in cellular plasma membranes and protein-protein effects could potentially affect the sorting. Also, it is worth nothing that ANXA5s have been reported to form trimers on membranes whereas ANXA2 has been found to be membrane bound as a monomer. 14 From these results, the question arises whether the sorting, observed for some annexins, is dependent on their ability to form multimers. ANXA4 is of great interest as it has been found to trimerize similar to ANXA5. [14] [15] [16] Here, we investigate the curvature sensing of ANXA4 trimers in GPMVs and compare it with an ANXA4 mutant which is unable to oligomerize. Furthermore, we perform parallel multiscale simulations which predict that ANXA4 trimers are indeed both generators and sensors of negative membrane curvature. The simulations further predict that curvature sensing has a non-trivial dependence on the induced local curvature by the protein and that sensing depends on the induced local rigidity increase on the membrane.
Results and discussion
The complexity of the plasma membrane composition and its interaction with the cytoskeletal filaments makes it difficult to study the interaction of membrane proteins with the membrane in vivo. Hence, a more simple system resembling the living cell, and at the same time, containing the factors of interest is desired to eliminate unwanted noise in the experiments.
For many years, model systems such as GUVs have been the primary assay for investigating the curvature sensing of proteins and lateral organization of proteins in membranes. 9, 11 Here, we present a way of investigating the membrane curvature affinity of GFP-tagged ANXA4 in a close-to natural environment utilizing GPMVs harvested directly from the cell membrane.
The formation of these vesicles is schematically depicted in Figure 1 together with representative confocal images of the vesicles. Figure 1 : Schematic illustration of the method for producing GPMVs (A). The GPMVs contain ANXA4-GFP which was expressed by the mother cell and leaked into the vesicle during its formation. (B) Confocal images showing representative data of GPMVs with membrane bound ANXA4-GFP (green) and DiD labeled membrane (red). (C) Schematics of experiment where a membrane nanotube is pulled from a GPMV using an optically trapped bead attached to the membrane. Confocal images show the extracted tube from a DiD labeled (red) GPMV containing membrane bound ANXA4-GFP (green), respectively. All scale bars are 10 µm.
To investigate curvature induced sorting and mobility of ANXA4 we use vesicles harvested directly from the PM (Figure 1 ). The GPMVs are devoid of internal membrane structures like cytoskeleton and nucleus, 17 but they do contain proteins from the cytosol and transmembrane proteins from the plasma membrane, including proteins produced from transient transfection. 13 These vesicles are therefore well suited for the purpose of observing protein-lipid interactions in a complex plasma membrane environment. Human embryonic kidney (HEK293T) and breast carcinoma (MCF-7) cell lines were used as donors for the GPMVs and ANXA4-GFP proteins were transiently expressed in these cell lines.
ANXA4 senses negative membrane curvature
To investigate the curvature affinity of ANXA4, we pulled nanotubes from cell-derived and transfected GPMVs containing ANXA4-GFP. Recruitment of curvature sensing proteins to the highly curved region within the tubes was detected by confocal imaging. Labeling of the GPMV membranes using the lipid analogue DiD, which does not respond to curvature changes in the membrane, 18 provided a reference and the DiD signal was compared with the ANXA4-GFP signal to determine if the protein was sorting between the vesicle and the tube.
The sorting of the protein is calculated using equation (1):
The intensity from the annexin and DiD are noted by I prot and I mem in eq. (1). The sorting (S) denotes the relative density of protein on the tube relative to the flat-membrane reference on the vesicle, S = 1 means equal density and no curvature preference whereas e.g. S = 5 means five times higher density in the tube.
The sorting values obtained from GPMVs from HEK293T cells transfected with ANXA4-GFP, are shown in Figure 2 . There is a clear tendency of ANXA4 to prefer the more curved region inside the nanotube pulled from a GPMV derived from a HEK-293T cell. Almost all measured sorting values are larger than S = 1 and range up to 12 times higher density inside the nanotube than on the vesicle membrane. The radii of the nanotubes have not been quantified with a micropipette aspiration experiment and therefore the affinity for specific membrane curvatures was not tested. However, the sorting versus a relative tube diameter is given in Supplementary Figure S1 . All the tubes pulled from the GPMVs were below the resolution limit of the microscope (∼ 200 nm) and are expected to be within the range from 20 nm to 200 nm, which has been demonstrated to be the common range of radii for tubes extracted from cells and vesicles. 9, 11, 18, 19 Occasionally, very thick, abnormal tubes were observed which might be due to contact between the GPMV and a cell-fragment reservoir that is able to add lipids to the system (Supplementary Figure S2 ). Such tubes were left out of the data shown in Figure 2 .
To check whether the heterogeneity in the sorting values are caused by a co-existence of transfected ANXA4-GFP and the endogenously expressed fraction of ANXA4, which is not visible in the experiment, we produced GPMVs from a mutant MCF-7 cell line made with the CRISP-Cas9 gene editing technique. In this cell line the production of endogenous ANXA4 was disrupted, thereby eliminating the competition for the binding sites between transiently expressed ANXA4-GFP and endogenous ANXA4 proteins. 6 Following transfection with ANXA4-GFP and GPMV formation, nanotubes were pulled and the sorting was quantified in the same manner as for the vesicles from the HEK293T cells. Interestingly, the results show a similar tendency of ANXA4 to migrate to areas of high membrane curvature (see Figure 2 ), indicating that the curvature sensing properties of ANXA4-GFP are not affected by endogenous ANXA4 proteins.
To determine if the ANXA4 has a preference for positive membrane curvatures, we extracted nanotubes from GUVs and added recombinant ANXA4-GFP to the external medium containing the DiD stained GUVs such that the protein could only bind to the outer surface of the tube. This experiment confirmed that ANXA4-GFP is a sensor for negative membrane curvature which can be concluded from the undetectable protein signal from the nanotube when added to the outside medium, see Supplementary Figure S3 . This suggests a lower preference of ANXA4 for positively curved membrane areas than for the "flat" membrane on the vesicle. The results in Figure 2 show that ANXA4 senses membrane curvatures in MCF7 cells and HEK293T cells in a strikingly similar fashion. The difference observed in the sorting averages between GPMVs from the two cell types, was not significant according to a two sample t-test (p=0.4). These data clearly suggest that having a background of unlabeled ANXA4 in the HEK293T derived GPMVs does not result in different relative sorting when compared with data from MCF7 derived GPMVs which only contained GFP tagged ANXA4.
However, there is still a large degree of scattering of data points in both data sets with some tubes exhibiting very low or even negative degree of curvature sorting whereas others are highly enriched with ANXA4. This heterogeneous behavior in sorting could potentially arise from several factors. Firstly, the plasma membrane contains a large number of proteins with a protein area coverage on the membrane that has been reported to reach as high as 30%. 20, 21 This will inevitably lead to crowding effects and possibly other curvature sensing proteins like ANXA5 or IBARs could compete for the same binding sites within the tube.
Secondly, the density of ANXA4 on the membrane is not known and could affect sorting as shown for other proteins in artificial systems. 11, 22 Finally, the tubes which were extracted have slightly different radii which could contribute to the heterogeneous data in Figure 2 .
In Supplementary Figure S1 and S4, we have plotted the sorting data versus relative tube diameter. However, there does not exist a clear inverse correlation between relative tube diameter and sorting, but on average, the sorting is higher for the lower relative tube radii shown in Supplementary Figure S1.
Multiscale simulations show that ANXA4 trimers generate and sense membrane curvatures
The mechanism behind membrane curvature sensing by ANXA4 could be linked to the convex membrane binding domain of Annexin.
Molecular curvatures have been shown to facilitate curvature sensing and large-scale membrane deformation. 9-11,23,24 ANXA4 generates membrane curvature in supported lipid bilayers, 6 and hence this capacity could also be responsible for the recruitment of the protein to curved membranes. To examine this, we performed a multi-scale simulation by combining all-atom molecular dynamics (MD) and dynamically triangulated Monte Carlo (DTS) simulations. First, we have performed a MD simulation of a system containing one ANXA4 trimer and a lipid bilayer containing POPC and POPS molecules. As expected, the ANXA4 trimer bound to the membrane over the 500 ns timescale and induced negative curvature on the upper bilayer leaflet ( Figure 3B ). Ca +2 ions mediated the interactions of the trimer with negatively charged phosphatidylserine lipids on the bilayer surface. To quantify the induced curvature, we used the last 100 ns of the simulation to find the curvature profile by fitting the phosphorus atom coordinates of the lipids in each monolayer to a Fourier series in two dimensions as it is explained in Ref. 23 The to an induced local curvature of C 0 = 0.048 nm −1 by the ANXA4 trimer).
Using the local curvature value and the protein size we calibrate the DTS simulation.
Then, we performed DTS simulations of a membrane containing curvature inducing inclusions (protein model). 25 In our inclusion model, protein-binding modifies local membrane properties by inducing local membrane curvature (a first order coupling to membrane curvature) and local membrane bending modulus (second order coupling to membrane curvature; more details in the method section). 16 First, we investigated whether the capacity of ANXA4 to induce curvature can also result in sensing membrane curvature. To do this, we first simulated systems containing 5% annexin coverage for two different values of second order coupling constants (∆κ G and ∆κ). The results show that (solid lines in Figure 4C Figure 4C (i)). 
ANXA4 monomers do not sense membrane curvature
The ability of some annexins to trimerize and form grid-like structures may have important functional importance for their mechanical effect on membranes e.g., during membrane repair. 3, 6 The trimer formation may also affect the proteins ability to sense membrane cur-vature. In Ref. 13 it was observed that ANXA5, but not ANXA2, senses negative membrane curvature. Moreover, ANXA5 is known to form trimers in environments with high Ca 2+
concentration whereas ANXA2 did not show this behavior as reported in Ref. 13 Since the ANXA4 tested here forms trimers after binding to the membrane 6,26 we proceeded to investigate the effect of trimerization on the sorting of ANXA4. We introduced a modified version of the mutant protein, engineered not to form trimers (ANXA4-Mutant) in both MCF7 cells and in HEK293T cells. As shown in Figure 2 and Supplementary Figure S4 the trimer-deficient ANXA4-RFP mutant did not show any significant sorting and the difference in sorting for the trimer and trimer mutant was found to be signifcant (p< 0.01) using a two sample t-test, see Figure 2 . Hence, these results indicate that the formation of a trimer is essential for the curvature sensing ability of ANXA4.
Mobility of ANXA4
ANXA4s ability to form trimers could also allow it to form larger connected structures at high protein density as similarily reported for ANXA5 which can form ordered arrays on the PM. 13, 15, 16, [27] [28] [29] ANXA4 has previously been described as being immobile after treating cells with ionomycin, a membrane permeable Ca 2+ ionophore, and subsequently the lattice formation of ANXA4s can lower mobility of other PM proteins. 29 From the tubes pulled, we were able to test the ANXA4 mobility using Fluorescence Recovery After Photobleaching (FRAP). By bleaching the nanotubes pulled from the GPMVs, the mobility was monitored as the proteins diffuse inside the tube, see Supplementary Figure S5 . However, as seen in Figure 5A , there is not always a protein recovery to detect following bleaching, which is further emphasized by the fact that the nanotube can be pulled further out from the PM vesicle after the FRAP experiment, revealing the former boundary between the vesicle and the nanotube intact (Supplementary Figure S6 ). This indicates that the ANXA4 is irreversibly bound to the membrane, on the time scale of the experiments, and does not exhibit lateral mobility even at these long time scales. The observation of immobility of the proteins on the PM is further supported by the fact the nanotube stiffness is enhanced as seen from the slow retraction of a nanotube when released from the optical trap ( Figure   5B ). The relapse of the tube towards the vesicle is not complete when the vesicle contains overexpression of ANXA4-GFP, thus indicating that the ANXA4-GFP changes the physical properties of the tube. This effect was also observed for another curvature generating protein, N-BAR, in Ref. 8 where the tube force was shown to decrease with the concentration of N-BAR added to the external medium. When tubes were released from GPMVs containing no ANXA4-GFP expression we observed complete retraction of the tubes into the vesicle after ∼ 1s. 
ANXA4 expression plasmids
Expression plasmids with turbo-GFP C-terminal tag containing human ANXA4, or ANXA5 cDNA were purchased from OriGene Technologies.
ANXA4 mutants deficient in Ca 2+ binding were generated by PCR-based site-directed mutagenesis by replacing amino acid 71E, 143E (Ca2Mut), or furthermore 227E and 302D (Ca4Mut) in each annexin repeat to A26. To generate an ANXA4 mutant deficient in trimer formation, ANXA5 and ANXA4 alignment was performed to mutate similar amino acids required to inhibit ANXA5 trimer formation (24R, 28-K, 57-K and 192-K to E) (TrimerMut) based on crystal structure evidence16. 13 ANXA4 mutants were generated in the mammalian pCMV6-AC-mRFP vector to express the proteins with C-terminally tagged red fluorescent protein. 6 CaCl2, pH 7.4) three times. For the vesicle formation, the cells were covered with 1 mL of GPMV buffer containing 2 mM NEM and incubated for 1.5-2 hours. Lastly, the vesicles were harvested in the supernatant and left to settle for 30 minutes before use.
GPMV Formation

GUV Formation
The composition of the GUV was as follows: 93% DOPC, 5% DOPS and 2 % DiD. The lipids and the dye was mixed at a concentration of 2 µM in chloroform stabilized with ethanol.
For the growing buffer, we used 70 mM NaCl (sterile filtered through a 0.2 µm filter), 25
mM Tris (pH 7.4), and 80 mM Sucrose. For the observation buffer, we used 70 mM NaCl (sterile filtered through a 0.2 µm filter), 50 mM Tris (pH 7.4), and 55 mM Glucose.
Polyvinyl alcohol (PVA) gel 5% (w/w) was placed in a 55 • C laboratory heating oven for 20 minutes. 90 µL PVA gel was added to plasma cleaned cover glasses and dried at 50 • C for 50 minutes. 30 µL of lipid solution was added to the PVA coated cover glass and dried with N 2 gas followed by drying it in vacuum for 2 hours. The coverglass was placed in a container and protein solution was added followed by addition of the growing buffer (V total = 300µL) and set to form GUVs for 1 hour. The vesicle containing solution was harvested and placed in the observation buffer (1 mL). After 5 minutes, the solution was centrifuged (600rcf for 10 minutes at 13 • C) and the pellet isolated and added to fresh observation buffer.
CRISP-Cas9 edited MCF-7 Cell Line
MCF-7 cells with CRISPR/Cas9-targeted ANXA4 gene disruption is described previously. 6 Briefly, the following target sequences were used: 5'-GCTTCAGGATTCAATGCCATGG-'3 (#1) using the all-in-one CRISPR/Cas9 plasmid (Sigma-Aldrich) followed by cell-sorting for GFP expression to generate single cell clones with disrupted ANXA4 reading frame.
Data Analysis
All data analysis was performed using Matlab (The Mathworks, Inc., Natick, MA). Custommade scripts were used for analysis of the sorting ratios as expressed by eq. 1. Briefly, the vesicle to tube protein ratios were quantified and a membrane dye signal (DiD) was used as reference. Bleaching was accounted for by normalizing to the signal from the vesicle membrane. All Matlab scripts are available upon request.
Molecular Dynamic Simulation
We built an ANXA4 trimer structure from the ANXA4 monomer (PDB: 1AOW) 24 by applying the crystal structure information of phosphorylation-mimicking mutant T6D of ANXA4
(PDB: 1I4A) 16 and using the MakeMultimer.py script. 30 The membrane is composed of 680 lipid molecules, 20% POPS and 80% POPC, constructed using CHARMM-GUI. 25 The structure was immersed in a periodic box of TIP3P atomistic water 31 with 70k water molecules and 1.5 mM salt (405 K + , 287 Cl − ) corresponding to the physiological condition. 18 Ca +2
were placed close to some Asp and Glu residues in bottom of the trimer (see Figure 3A ). The simulation was performed using Gromacs2019 32 package and CHARMM36 [33] [34] [35] force field.
The system was simulated for 500 ns at 310 K using the Nosé-Hoover thermostat. 36 The pressure was kept constant at 1 atm using Parrinello-Rahman barostat. 37
Monte Carlo simulations
To investigate membrane curvature sensing, using computer simulation, we have employed 6N v = 3N t = 2N l . The self-avoidance is ensured by enforcing the minimum and maximum tether length between neighbouring vertices to be d and √ 3d respectively, in which d is the length metric of the simulation. Using a set of discretized geometrical operations, a normal vector (N v ), an area (A v ) and two principal curvatures (C 1 (v),C 2 (v)) and principal directions (X 1 (v),X 2 (v)) are assigned to each vertex. 30 The bending energy of the system is described by a discretized form of the Helfrich Hamiltonian as
Where
are mean and Gaussian curvature respectively and κ and κ G are bending rigidity and Gaussian rigidity. The membrane tension is fixed by a tension controlling algorithm described in. 25 A protein is modeled as a curvature inducing inclusion that can sit on a vertex and modify its energy by
Where C 0 is the local curvature induced by the protein and ∆κ and ∆κ G represents the local change in the bending and Gaussian rigidities due to the inclusions. The equilibrium
properties of the systems are analyzed by Monte Carlo simulation techniques with 4 MC moves i.e., vertex move (a vertex is moved in a random direction), Alexander move (a mutual link between neighboring triangles is flipped and two new triangles will be generated) and
Kawazaki moves (an inclusion jumps to a neighboring vertex) and the membrane projected area change. To each Monte Carlo Sweep (MCS) with a probability of P = 1/(5N v ), the membrane projected area is updated and with probability of 1−P , trial moves corresponding to N v vertex moves, N l Alexander move and N i Kawazaki moves are performed (for more details see [38] [39] [40] ). To map the simulation results to the experimental setup, d, the simulation length metric, is converted to a physical length. To do this, we assume that the area of a vertex (∼ √ 3/2d 2 ) is equal to the area of the smallest circle wrapping an ANXA4 trimer (A T rimer = 108 nm 2 ; Figure 4A ) and therefore d ≈ 11.2nm.
The nanotube was generated by pulling a vertex with respect to the geometry center of the whole membrane patch using a harmonic potential with a force constant of 60k B T /d. The pulling was performed in 10 6 MCS in which the tube reaches the length of ≈ 104d = 1.2µm
( Figure 4B ). In all simulations, the bending rigidity was set to κ = 20k B T and after the formation of a nanotube, 10 replica, each for 1.5 · 10 6 MCS were performed for data analysis ( Figure 4C ).
The tube radius is calculated as the inverse of the average curvature in a direction in membrane plane and our results show that it matches well with theoretical predictions (Figure 4B, bottom) .
Calculating the tube radius: On each vertex, we find an azimuth tangent direction (t) as a unit vector that is parallel to the membrane surface and is perpendicular to the longitudinal axis of the tube (pulling force direction,ẑ). This vector can be found ast = (n ×ẑ)/|n ×ẑ|,
wheren is the normal vector. Then using Euler Curvature formula, we find the surface curvature in the direction oft as
where θ is the angle betweent and the direction of the main principal curvature (X 1 (v)).
The tube radius is calculated as inverse of the C t ensemble average (R = 1/ C t )
Conclusion
We have shown that the ANXA4 trimer has the ability to sense negative membrane curvatures and this ability seems to be dependent on trimerization of the protein. The absence of curvature sensing for monomers of ANXA4 is consistent with recent findings that a cognate ANXA2 protein, which exist as monomers on membranes, did not sense membrane curva-ture. The curvature induced sorting was found to be highly heterogeneous in both plasma membranes harvested from HEK293T cells and from MCF7 cells. Multiscale simulations of protein distributions on a nanotube connected to a flat membrane patch confirmed the ability of ANXA4 trimers to sense membrane curvature. This sensing, however, vanishes when the induced curvature of ANXA4 trimers (C o ) is too high or low compared to the membrane curvature. Interestingly, the simulations also predict that ANXA4 has a nontrivial curvature sensing which can change significantly depending on the local increase in rigidity induced by the protein, an effect which cannot be captured by simple theoretical calculations. The the absence of curvature sensing for the ANXA4 monomer remains to be explained and be tested in pure model systems, like GUVs, to see whether the monomer could sense membrane curvature in absence of other proteins. Finally, we observed that ANXA4 could become immobile in the nanotubes which is likely caused by oligomerization of trimers to form a large scale protein lattice. Collectively, these results show that ANXA4 trimers exhibits both curvature sensing and can form a physical scaffold on highly curved membranes which could have important implications in processes such as stabilizing the membrane during plasma membrane repair.
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